Aspen produces large numbers of seeds, even though it mainly reproduces asexually with root suckers. The aim of this study was to find out how different moisture conditions affect emergence and survival of Populus tremula L. seedlings. This was studied with a sowing experiment (totally randomized factorial design). There were altogether 10 blocks, each containing 16 microsites and three treatments (sowing time, watering, sowing shelter) replicated twice in each block. Seedlings emerged on 56% of microsites. Sowing time affected seedling emergence. Both the proportion of microsites with seedlings and the number of seedlings per microsite were lower after first than after second sowing, when the weather was rainier. Watering increased the number of seedlings per microsite, but the proportion of microsites with at least one seedling was not affected. Sowing shelter had a negative effect on the seedling emergence, especially after second sowing. The survival of seedlings was low (10%) and strongly dependent on watering. The effect of block and its interactions with treatments indicated that seedling emergence and survival depended also on seedbed conditions. We conclude that sexual reproduction of aspen may occur in nature, but it is rare. The seeds also maintained their germinability longer than earlier observed.
Introduction
Seed production potential of Populus tremula L. (trembling aspen) is enormous. One catkin may bear 1000-2000 seeds, and one tree may bear up to 40 000 catkins (Reim 1929; Johnsson 1942) . Thus, the seed yield may be as large as 400-500 × 10 6 seeds/ha (Reim 1929) . However, sexual reproduction appears to be rare both in P. tremula in Europe (Hagman 1951; Worrell 1995) 
and in Populus tremuloides
Michx. (quaking aspen) in North America (Moss 1938; Kemperman and Barnes 1976) . Instead, aspen reproduces mainly asexually through root suckers. Jelinski and Cheliak (1992) suggested that the current rarity of sexual recruitment of aspen in North America is the consequence of relatively dry postglacial conditions.
Populus tremula is a dioecious tree species, which is reported to have a 2:1 sex ratio in favour of male trees in Finland (Reim 1929; Blumenthal 1942) . The trees flower in the spring before leaf emergence, and pollen is dispersed by wind. Seeds mature 4-5 weeks after flowering, after which they are dispersed by wind (Reim 1929) . During warm and dry weather seeds disperse within a few days when mature (Lagerberg 1922; Hagman 1951) . The seeds are very small and light. The thousand-grain mass of aspen seeds varies from about 0.06 to 0.14 g (Lagerberg 1922 ), so light seeds can disperse as far as 400-500 m from the mother tree (Reim 1929) .
Populus tremula seeds are reported to lose their germinability shortly after dispersal (Reim 1929; Moss 1938; Børset 1960) . At sufficiently high temperatures (20°C) and with adequate moisture, seeds can germinate within 2 days (Børset 1954 ). Germination does not require light and it can occur in a wide range of temperatures (2-40°C), if moisture is available (Faust 1936; McDonough 1979) . However, germination is slower at lower temperatures (Børset 1954; McDonough 1979) and declines precipitously at higher temperatures. Seed germinability also varies among genotypes (clones, Fechner and Burr 1981) and among mother trees (Børset 1954) .
Restricted water supply decreases the germination rate of P. tremuloides and may even prevent the germination entirely (Fechner and Burr 1981) . Alternate wetting and drying also lowers the germinability of the seeds in P. tremuloides (McDonough 1979) . If a partially germinated seed dries out, it is unable to continue germination (Børset 1954) .
Since sexual reproduction of aspen is rare, very little is known about seedlings and their survival in natural conditions. Populus tremuloides is reported to reproduce from seeds under natural conditions, if there have been enough seeds and suitable environmental conditions at the same time (Williams and Johnston 1984; Romme et al. 1997) . However, to our knowledge P. tremula has not been observed to reproduce naturally from seeds in Finland.
Populus tremula is a very important species for biodiversity in boreal forests. In Finland, more than a hundred specialist species are entirely dependent on aspen (Siitonen 1999) . However, historically aspen has been an unwanted tree species in forestry, and thus for decades aspen has been removed from young pine stands, as it is a host of Melampsora pinitorqua Rostr. (pine twist rust, Kurkela 1973) . Furthermore, there have been very few markets for aspen timber. Research on the basic population biology of the trembling aspen has been limited. The reproductive biology of aspen has not been studied with sowing experiments in vivo, which would elucidate factors influencing the germination, emergence, and establishment of seedlings in field conditions. The available knowledge mostly concerns the quaking aspen (P. tremuloides). The degree of similarity of the two species concerning, e.g., seedbed requirements is not known.
Sexual reproduction of aspen and seedling survival is topical also because hybrid aspen (P. tremula × tremuloides) has and is being planted in Finland to produce raw material for paper industry (Metsäliitto Group 1999 2 ). The potential gene flow from hybrids to native aspens is thus worthy of further research, since pollen disperses effectively and the hybrids can be crossed with P. tremula. There are also doubts that these crossings can produce seedlings in nature (P.O. Pulkkinen, personal communication).
The present experiment was conducted to obtain more precise information on the effect of moisture conditions on seedling emergence and survival in mineral soil and on coarse woody debris (CWD). In this work, we studied the effect of watering, sowing shelter, and weather conditions on emergence and survival of P. tremula seedlings, including the topographical position of the seedbed and the soil particle size distribution in the mineral soil. We also studied the time it takes for the majority of the seedlings to emerge.
Material and methods

Seed material
Local seed material was collected in Kuhmo, Middle Eastern Finland, within 15 km from the experimental site (64°12′N, 29°51′E). To increase genetic variation in the test material, several clones within eight separate locations were sampled. Catkins (approx. 2 L/tree) were picked up from the trees, when the first signs of seed hair appeared in June 2001. Catkins were stored in 24-30°C temperature for 1 week. Dry catkins were pressed through a 2-mm sieve with the help of a blower and stones (10 mm diameter). Seed material was then cleaned twice with a 0.71-mm sieve, the first time with the help of small stones. Germinability of the seeds was tested in the laboratory. Because of inert matter, cleaning of P. tremula seed material is difficult and time consuming, and thus the number of seeds was not counted. Instead, we calculated the number of germinated seeds in 1 g of seed material (weighed replicates). This method is also used for Betula (International Seed Testing Association 1999), whose seeds are even bigger than the seeds of aspen. Three 10-mg samples from each location were germinated on filter paper in Jacobsen-type apparatus. Temperature of the water used for moisturizing the seeds was 18°C during the night and 22°C during the day. The light regime was 12 h light : 12 h dark. The number of germinated seeds was counted after 3 and 7 days (International Seed Testing Association 1999). We mixed the seed material from all locations evenly, before weighing 0.1 g of seed material into Eppendorf tubes for the sowing experiment.
Study site
The experiment was conducted in a 9-ha area near Kuhmo (64°07′N, 29°28′E, from 160 to 175 m in altitude). The study site was well suited for our purposes, because there were no flowering female aspens on the site or in the near vicinity. The study site had been cut in 1997 with approximately 120 pines/ha left as seed and retention trees. Scarification was carried out in 1999. The topography of the site sloped in two directions (southwest and northwest). The soil was Podzolic, and the soil type was fine sand moraine. The vegetation class was mesic heath forest; Vaccinium myrtillus L. (bilberry) site (Cajander 1926) (Drebs et al. 2002) .
Study design
The experiment was established in 2001. Emergence and survival of seedlings were studied using a randomized complete-blocks design consisting of three treatments (watering, sowing shelter, and sowing time) that were randomized and replicated twice within each of the 10 blocks. Block size was 1 m × 1 m. Humus and organic matter were removed to the level of the mineral soil (E or B horizon) to provide better conditions for seed germination and seedling survival. Populus tremuloides is known to have demanding seedbed requirements, such as bare mineral soil and no competing vegetation (Kay 1993 ). Thus we assumed that this is also the case with P. tremula. A total of 16 sowing microsites (7 cm diameter) were marked into the block, where the treatment and replicates (2 × 2 × 2 × 2 = 16) were randomized ( Fig. 1) . Accordingly, there were altogether 160 sowing microsites. The blocks were arranged in two sets along the slope, because the working hypothesis was that there would be a continuum in moisture conditions along the slope. One set of five blocks was facing southwest at a 6% slope. The other set was facing northwest with a slope of 13%.
We also studied the emergence and survival of aspen seedlings on CWD. Ten blocks, sized 40 cm × 40 cm, each containing four microsites, (7 cm diameter) were placed on CWD that occurred naturally at the study site. All CWD blocks were selected to be as equal as possible in their decaying state (class 5: well-decayed stems that can barely be distinguished from the ground, Renvall 1995) and they all were softwood. CWD blocks were facing northwest, and they were situated along the contour line (slope of 13%). In each CWD block, two microsites out of the four were covered with sowing shelters (see Treatments section). Sowing in CWD blocks was done on June 26, 2001, which was the same time as the first sowing on mineral soil. Weather was dry before the first sowing, so we could study whether CWD differs from mineral soil as seedbed in dry conditions.
Treatments
The effect of microclimatic conditions was studied by using sowing shelters on half of the microsites. Seeds were sown under bell-shaped plastic sowing shelters commonly used in the laboratory (Jacobsen-type apparatus). Air humidity and temperature are higher under the sowing shelter than outside it (Lähde and Tuohisaari 1976) . Sowing shelters were removed at the end of September, when the monitoring of the seedlings was finished.
To study how prevailing weather conditions affect the emergence and survival of the seedlings, sowing was done for half of the microsites on June 26, and for the other half on July 17 in 2001. We sowed 0.1 g of seed material at each microsite. The time of the first sowing was approximately the same when the aspen seeds were shed naturally in nature. The effect of excess moisture was studied by watering half of the microsites. Watering, approximately 5 mL, was carried out daily with a spray bottle, unless it had rained on that day.
Seedling evaluation
Seedling emergence and mortality were monitored at 2-to 3-day intervals, when the number of seedlings was changing rapidly, and weekly towards the end of the first growing season. There was the possibility that occasionally a seedling would have died and another would have emerged between the monitoring intervals without us noticing the change. However, this source of error is very small because of the frequency of monitoring. During the experiment, another possible source of error was identified; seeds and small seedlings move easily during a hard rain, and thus they might have moved from the original microsite. We noticed that occasionally seedlings were growing in soil between the microsites. In these rare cases, the seedlings were considered to belong to the nearest microsite. After the first winter, the survival of seedlings was also assessed.
Soil and weather data
Two soil samples were taken from each block to describe the soil particle size distribution. The samples were taken with a 50-cm soil borer in the upper part of the B horizon from the opposite corners of each block and then mixed and analysed as one sample. The majority of the samples were 7.5 cm deep, and a few times they were 5 cm deep, when the thickness of the horizon was less than 7.5 cm. Because the smallest soil particles are most important in retaining the soil moisture, we separated particles less than 0.6 mm in size with a sieve. The particle size distribution was measured using laser diffraction (Coulter Corporation, Miami, Fla.). The proportion of particles less than 60 µm varied from 14% to 34%, and the proportion of particles greater than 60 µm but less than 200 µm varied from 23% to 39%. However, there was no correlation between the proportion of small soil particles and the position of the block.
Data on weather conditions were obtained from a weather station (Finnish Meteorological Institute), 172 m in altitude and 2.7 km from the study site (Table 1) . Weather condition data are presented for 1-week periods before and after each sowing time, since the maximum number of seedlings emerged 1 week after sowing.
Statistical analysis
The effects of block, sowing time, watering, and sowing shelter on the proportion of microsites with at least one seedling were tested using a logistic model. The effects of the same factors on the number of emerged seedlings on the sowing microsites during the season were analysed using analysis of variance. Because some observations were zeros, we added 0.5 to all observations. Square-root transformation (X′ = (X + 0.5) 0.5 ) was used, since variances increased together with the means (Zar 1999, p. 275) . Further, survival of seedlings was studied as the proportion of survived seedlings out of the total number of seedlings that emerged during the experiment. This analysis was done with a logistic model. We excluded block number 8 from the survival analysis, because only 8 seedlings emerged there and all died. This block had some very extreme properties, and thus it was an outlier that did not represent the phenomena we were studying. Models were fitted using procedure GENMOD and GLM in SAS program (SAS Institute Inc. 1993).
Results
The seed material had, on average, 638 viable seeds/g (results not shown), when tested in laboratory. The number of viable seeds per gram varied largely between locations. It was highest (1450/g) in locations 1 and 6, and lower in the other locations, varying between 150 and 550 viable seeds/g. About 87% of the viable seeds (556 seeds/g) germinated within 3 days.
In 89 microsites out of 160 (56%) at least one seedling emerged during the first season. This proportion was significantly higher after a second sowing in July (when weather was rainy) than after the first sowing in June (when the weather conditions were dry, Fig. 2A , Table 2 ). Sowing time × sowing shelter interaction was significant ( Table 2 ), indicating that the effect of sowing shelter depended on the environmental conditions occurring after sowing. After the first sowing the effect was negligible, while after the second sowing the proportion of microsites with at least one seedling was about 20%-30% lower under shelter than in uncovered microsites (Fig. 2A) . The effect of sowing shelter to the same variable during the first sowing time was 2.1972 (on a logistic scale, Table 2 ). The interaction between sowing time and sowing shelter was 2.0869, which means that the effect of sowing shelter was almost doubled (2.1972 + 2.0869) during the second sowing time. In addition, the effect of block and its interaction with sowing time and sowing shelter indicated that the proportion of microsites with at least one seedling as well as the effect of treatments also depended on the seedbed conditions. Sowing time and watering affected the rate of seedling emergence. In the control treatment (no watering and no shelter), 80% of the seedlings emerged after 3 days after the second sowing, while after the first sowing it took about 45 days to reach the same level in emergence (Fig. 3A) . The effect of sowing shelter and watering on emergence rate was small after the second sowing. After the first sowing both watering and sowing shelter increased the rate for emergence. In watered and sheltered microsites there was only a few days difference in favour of the second sowing in the proportion of microsites with at least one seedling (Fig. 3D) . The time period for seedling emergence was relatively long, up to 30-60 days depending on treatments and sowing time in both sowing dates. The number of emerged seedlings in microsites varied from 0 to 39 with, on average, 4.4 seedlings/microsite. Sowing time and watering had significant effects on the number of seedlings (Table 3 ). In the second sowing, the number of seedlings was, on average, 4.2 seedlings/microsite higher than in the first sowing. Watering increased the proportion of microsites with at least one seedling, especially after the first sowing and also after the second sowing, when the microsite was covered with sowing shelter (Fig. 2B) . After the second sowing, the sowing shelter had a negative effect on the proportion of microsites with at least one seedling in nonwatered microsites. However, the interactions were not significant (Table 3 ). The number of seedlings varied significantly between blocks (Table 3 ). The blocks facing northwest had more seedlings than the blocks facing southwest, while the effect of seedbed position along the slope was smaller. Survival of the seedlings was low, varying between 0% and 23% by treatments. Over 90% of the emerged seedlings died before the end of September. Block and watering (Table 4) had the greatest effect on seedling survival. In watered microsites a larger proportion of the seedlings survived (Fig. 2C) . Watering also interacted with sowing time as well as with sowing shelter. On second sowing, watering was more important in increasing the survival. If the microsite was not watered, all the seedlings died during the experiment. Maximum survival was achieved with watering and sowing shelter. The effect of sowing shelter on seedling survival, when watered, was slightly positive (2.8236 -2.1912 = 0.6324) on a logistic scale (Table 4) . Without watering, the sowing shelter had a clear negative effect, −2.1912, on a logistic scale (Table 4) . Sowing time had an effect, as the survival was higher in the second sowing, but this effect was smaller than the effect of block and watering. There were 119 seedlings the last time (September 28, 2001 ) the seedlings were counted. On May 20, 2002, 53 seedlings were alive, which gives 45% survival over the winter.
Seedlings emerged on half of the microsites on CWD (data not shown). Sowing shelter affected whether seedling(s) emerged. There were more microsites with at least one seedling if the microsite was covered with a sowing shelter. The number of seedlings in the CWD microsites varied from 0 to 34 seedlings, with an average of 3.5. Both block and sowing shelter affected the number of seedlings. We did not test any effects on the survival of the seedlings on CWD, because all these seedlings died during the experiment by the seventh week after sowing.
There were no correlations between the proportion of small soil particles and the proportion of microsites with at least one seedling, number of seedlings, or the survival rate (results not shown). We did not measure the size of the seedlings, but we estimated in the end of the growing season that the height and width of seedlings varied from a few millimetres to a couple of centimetres.
Discussion
Germinability of P. tremula seeds usually exceeds 90% (Lagerberg 1922; Reim 1929; Børset 1954) . In South Finland, 1 g of aspen seed material usually contains 2000-3000 seeds that are able to germinate (P.O. Pulkkinen, unpublished data). The seed lots studied here had, on average, 638 viable seeds/g, so germinability in this study was lower than expected and lower than in previous studies. However, we have data from only 1 year, and there might be substantial year to year variation. In spring 2001, flowering of aspen was exceptionally low. The substantial variation in seed germinability among the six locations we used in the experiment was possibly due to different pollination success between the locations, inbreeding, or because of genetic variation among clones, as found by Fechner and Burr (1981) .
The significant effect of block and its interaction with sowing time and sowing shelter on the proportion of microsites with at least one seedling demonstrates that the seedbed properties are one of the most important factors influencing this variable. The other crucial factor is the weather, as shown by the significant difference in the proportion of microsites with at least one seedling between first and second sowing time. There were more microsites that had seedling(s) in the second sowing than in the first, most likely because there was more rain during the second period. Because the germination process of aspen is rapid, it seems likely that the weather conditions right before the sowing are as important as after it. The amount of precipitation after the two sowing times was quite similar, but humidity was higher after the second sowing, probably contributing to the higher proportion of microsites with at least one seedling. Watering had no effect on the proportion of microsites with at least one seedling, suggesting that the amount and continuity of moisture produced experimentally was not enough to make a difference in whether any seedlings emerged in the watering treatment. Sowing shelter didn't increase the proportion of microsites with at least one seedling, contrary to the zero hypothesis. The effect of sowing shelter was not enough to maintain adequate moisture in the microsite in the first sowing. In the second sowing the proportion of microsites with at least one seedling was decreased, apparently because this period was rainier and the sowing shelter reduced rather than increased the moisture of the microsite.
The results on the number of seedlings were largely parallel with those on the proportion of microsites with at least one seedling. In addition to seedbed quality and moist weather, watering increased the number of seedlings, but sowing shelter had opposite effects in the two sowing periods, as explained above for the proportion of microsites with at least one seedling. While the effect of sowing shelter was positive in the first and dryer sowing time and negative in the second and moister sowing time, the effects compensate each other and make the total effect of sowing shelter insignificant.
The faster emergence in the second sowing can be explained by the moister weather period. It is known from the earlier studies that germination of aspen is very quick if there is adequate moisture (Børset 1954) . Within the second sowing the emergence was slower in the microsites with sowing shelters. This can also be explained by the weather conditions, as the covered microsites did not get as much moisture as did the uncovered microsites. It is widely believed that aspen seeds do not stay viable for a long time in natural conditions (Moss 1938 after the first sowing. Zasada et al. (1983) also had similar results with both P. tremula and P. tremuloides. In our study it is evident that the longer emergence period in the first sowing was due to dry conditions, and aspen seeds are known to keep their germinability best in dry and cold conditions (Faust 1936) . We expected more seedlings on blocks that were situated on the bottom of the slope, since we hypothesized that these positions would have moister conditions. Kay (1993) noticed in his study that the greatest concentration of naturally born P. tremuloides seedlings was found in topographic depressions. In this study there was no trend according to the position along the slope. However, blocks that were facing northwest and where the sun had less influence in drying the soil surface had larger numbers of seedlings than blocks that were facing southwest.
Overall survival of seedlings was low. It is common for a species that produces large numbers of small seeds to have very high first-year mortality (MacArthur 1962) . Since the seed of aspen has no endosperm (Børset 1954) , the quality of the seedbed is critical for the seedling and its potential to produce roots and thus get enough water. This was also reflected by the significant effect of block on survival. From the positive effect of watering and interaction between watering and sowing shelter to survival, we can conclude that seedbed conditions and moisture are most important for the survival of aspen seedlings. It was somewhat surprising that mortality was higher in the second sowing, even though this period was wetter. However, the difference was slight and may also be because during the wetter period seeds on less favourable seedbed conditions emerged, and thus their chances of dying later on were larger. Another possible reason could be that the ground is dry towards the end of the summer, and the roots of seedlings that germinate in late summer are quite small. This may be the reason why watering had more influence on survival in the second sowing. Even though winter mortality was high, it was lower than the mortality in the first growing season. This suggests that as seedlings age, their probability of further survival increases.
Decaying wood makes a convenient seedbed for tree saplings (Kropp 1982) and is important in the regeneration of trees. In this study, covering increased the probability of emergence on CWD, suggesting that moisture was an important element also in the emergence on CWD. The large variance in the numbers of seedlings emerging on CWD suggests that there were great differences in the seedbed properties between blocks. However, even though some microsites had numerous seedlings, all seedlings died. This may have occurred because the CWD blocks were on a clear-cut area. If they had been under a closed forest, the CWD would probably have been moister. One possible reason for the complete mortality on CWD is that the dead wood on these blocks was not sufficiently decomposed, and thus the roots of small aspen seedlings did not reach suitable grounds.
The soil particle size distribution in the B horizon is considered important for the reproduction of many tree species, since it influences moisture retention (Oleskog et al. 2000; Mecke et al. 2002) . However, it did not explain the emergence nor the number of seedlings or survival of aspen seedlings in this experiment. Once a seed has germinated, its roots are small, and it appears that initially the moisture in the soil surface that depends on weather is more important than the moisture that is being stored in the B horizon. In this experiment the seedlings remained small, and thus it seems likely that their roots did not reach the B horizon during the summer of 2001.
At first it seems like aspen is using its resources inefficiently when producing a lot of seeds and still being able to reproduce very effectively asexually. However, aspen has a remnant population structure (Jelinski and Cheliak 1992) , which is typical for long-lived plants with the ability to reproduce clonally. Such plants tend to build up remnant population systems, in which local populations are able to persist through unfavourable times (Eriksson 1996) . The occurrence of sexual reproduction in North America suggests that at least P. tremuloides is able to take advantage of occasional "windows of opportunity." The altered disturbance regime in managed forests (Linder et al. 1997 ) without forest fires may largely close this window. Our study has described in more detail the conditions that favour sexual reproduction of P. tremula. It seems that P. tremuloides and P. tremula are similar in their requirements for seedling emergence. 
